This study develops an embeddable optical fiber-guided laser ultrasonic system for structural health monitoring (SHM) of pipelines exposed to high temperature and gamma radiation inside nuclear power plants (NPPs). Recently, noncontact laser ultrasonics is gaining popularity among the SHM community because of its advantageous characteristics such as (a) scanning capability, (b) immunity against electromagnetic interference (EMI) and (c) applicability to high-temperature surfaces. However, its application to NPP pipelines has been hampered because pipes inside NPPs are often covered by insulators and/or target surfaces are not easily accessible. To overcome this problem, this study designs embeddable optical fibers and fixtures so that laser beams used for ultrasonic inspection can be transmitted between the laser sources and the target pipe. For guided-wave generation, an Nd:Yag pulsed laser coupled with an optical fiber is used. A high-power pulsed laser beam is guided through the optical fiber onto a target structure. Based on the principle of laser interferometry, the corresponding response is measured using a different type of laser beam guided by another optical fiber. All devices are especially designed to sustain high temperature and gamma radiation. The robustness/resilience of the proposed measurement system installed on a stainless steel pipe specimen has been experimentally verified by exposing the specimen to high temperature of up to 350
Introduction
To meet fast-growing future power demands, nuclear energy has drawn much attention as one of the promising alternative energy sources to conventional ones (US Energy Information Administration 2008). At the same time, there are growing concerns about the safety of aging nuclear power plants 1 Author to whom any correspondence should be addressed.
(NPPs). Since the dawn of commercial nuclear power in the 1950s, there have been quite a few accidents at NPP sites around the world. The most notable accidents include those at Three Mile Island (United States, 1979; economic loss: USD 2400M), Chernobyl (Soviet Union, 1986 ; economic and human loss: USD 6700M and 4056 deaths), and, more recently, Fukushima (Japan, 2011; economic loss: USD 2400M) . In response to the growing number of NPP disasters, nuclear regulatory authorities in many countries have tightened their The common and well-established practice for NPP inspection is nondestructive testing (NDT). NDT is a collection of techniques that allow effective localization and quantification of incipient defects (Carts 1995, Blitz and Simpson 1996) . However, there are several drawbacks associated with NDT. First, some of the current NDT techniques require periodic overhaul of an NPP facility reducing power production efficiency. Second, the NDT inspection can be performed only by certified engineers, making it labor-intensive, expensive and time consuming. Finally, there are several critical points that cannot be easily accessed by the current NDT techniques. For example, many pipes in NPPs are either covered with insulation materials or buried underground (Adams 2007) .
In order to complement existing NDT techniques, the industry would like to adopt structural health monitoring (SHM) technology to NPP monitoring and management. Compared to NDT, SHM techniques can provide the following potential benefits: (1) automated and continuous monitoring of NPP facilities, (2) reduction in downtime, costs and time associated with NPP inspection and (3) monitoring of critical spots, which have been difficult to inspect using conventional NDT techniques (Sohn et al 2003 , Inman 2005 . In spite of these potential benefits, the applications of SHM to NPP facilities have been partially hampered by the fact that conventional sensors needed for online SHM cannot survive harsh operational conditions of NPPs (Hashemian 2010) .
This study develops a fiber-guided laser ultrasonic measurement system specifically designed for NPP pipelines exposed to high temperature and radiation. Ultrasonic waves are generated using an Nd:Yag laser beam, which generates a localized thermal expansion on the pipe surface, and the corresponding ultrasonic responses are measured using a laser interferometer, which measures the out-of-plane velocity of the surface. The laser beams from the sources are guided and transmitted through optic fibers to target excitation and sensing points on the pipe surface. The measurement system is especially designed to operate under radioactive and hightemperature environments inside NPPs. This paper is organized as follows. First, the authors describe the optical fiber-guided laser ultrasonic system designed for the generation and measurement of ultrasonic waves. Application tests under high temperature and radiation environment are then followed to check the durability of the system under the operational condition of NPPs. Finally, this paper concludes with a summary and future work. Figure 1 shows a schematic diagram of the proposed optical fiber-guided laser ultrasonic system. For the ultrasonic generation on a pipe surface, a pulse laser is connected to one end of an optical fiber, transmitted through the optical fiber with little power loss, and emitted at the other end of the fiber. This end of the optical fiber is fixed to a pipe surface using a focusing module and stainless steel strip. The focusing module is used to focus a laser beam for the proper ultrasonic generation and a stainless steel strip is used to firmly fix the focusing module to the pipe surface. The corresponding ultrasonic response is measured at another point using a fiber interferometer connected to a separate optical fiber. Here, one end of the fiber is attached to the pipe surface similar to the one used for ultrasonic excitation. Figure 2 shows the detailed configuration of the ultrasonic generation segment composed of an optical fiber, laser source, connectors, microlens arrays and convex lens. When a highpower laser beam is exposed to a solid surface, ultrasonic waves are generated by thermoelastic expansion of the exposed surface (Scruby and Drain 1990 ). Here, the power level, laser pulse duration and laser beam size need to be carefully controlled because the laser power density above a certain threshold will cause ablation on the surface. Ablation generally occurs in a metallic structure with power density above 10 7 W cm −2
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, but this value varies depending on actual material properties, surface condition and especially absorption ratio (Pierce et al 1998) .
In this study, a 532 nm Nd:YAG pulse laser (Quantel, Brilliant Ultra) is used. The maximum output energy per unit pulse, the pulse duration and the repetition rate of the laser beam are 30 mJ, 8 ns and 20 Hz, respectively. The power density incident on the pipe was set to be 0.75 MW cm −2 at the emitting end of the fiber to avoid ablation. A metal-tubed step index multimode fiber with 1000 μm core diameter (Thorlabs, FT1000EMT) is used to carry the laser beam from the laser source to the target point on the pipe surface. This specific type of fiber is selected because it can operate under high temperature and radioactive environment inside NPPs.
Note that the high-power laser beam needs to be properly focused on the multimode fiber to minimize power loss and fiber damage. In this regard, the profile of the laser beam intensity across the fiber cross section is changed from a Gaussian distribution to a flat top distribution using two microlens arrays (Edmund, . Then, the laser beam is focused using an N-BK7 plano-convex lens (Thorlabs, LA1805-YAG) with a focal length of 50 mm before entering the SMA connector. Finally, the laser beam from the other SMA travels through a metal tube and creates a laser spot of 7-8 mm diameter on the pipe surface. A stainless steel strip is used to fix the focusing module to the specimen. Figure 3 shows the detailed configuration of the optical fiber-guided laser ultrasonic measurement segment. A fibercoupled laser interferometer (Polytec, OFV-551) is used to measure the out-of-plane velocity generated by ultrasonic waves propagating on the pipe surface. The working principle of ultrasonic measurement using the laser interferometer is based on the Doppler effect (Kundu 2004) . The laser interferometer launches a continuous laser beam to a target object and then receives a reflected beam from the object surface. Here, the optical phase difference between the incident and reflected laser beams becomes proportional to the out-ofplane velocity of the target surface. Therefore, by tracking this phase shift, ultrasonic wave velocities on the pipe surface can be measured. In this study, a He-Ne continuous laser source with 633 nm wavelength, 1 mW maximum power and 16 μm beam size is used for laser interferometry.
As for the optical fiber in the measurement segment, a single-mode fiber is used instead of the multimode fiber used in the excitation segment. The power required for the measurement laser beam is less than for the pulsed excitation laser beam and the single-mode fiber also has narrower modal dispersion characteristics. Furthermore, a polarizationmaintaining fiber is used to maintain the polarization of the measurement laser beam and reduce the polarization-induced power loss that governs the signal-to-noise ratio of response signals (Castellini et al 2006) .
The sensor head of the laser interferometer is inserted into a focusing module to enhance focusing and protect the sensor head. A fused-silica focusing lens with a focal length of 15 mm is installed close to the target surface. Since the target pipe surface is exposed to a high-temperature environment, a heat absorption filter using KG1 glass is attached close to the sensor head to protect the sensor head from infrared heat radiation. The fixture strip and metal tube identical to the ones in the wave generation segment are used to fix the fiber to the pipe.
Since the source of the ultrasonic wave in this study is the pulse-shaped laser beam, the generated ultrasonic waves have a broadband frequency spectrum. For the further signal analysis, however, this study observes only the frequency components up to 300 kHz, considering that the frequency range up to hundreds of kilohertz is the main interest of ultrasonic inspection. The signals at the higher frequency range have a low amplitude, low signal-to-noise ratio and multimode nature, which limit further applications of ultrasonic inspection. The signals at a much lower frequency level, on the other hand, are highly influenced by low-frequency structural vibrations regardless of damage-sensitive ultrasonic signal changes (Giurgiutiu 2008) . One more practical reason for the bandpass filtering is the fact that the velocity decoder of the fiber interferometer (Polytec, VD-07) used in this study measures the frequency component of the response signal up to 350 kHz by the device specification.
Effects of high temperatures on the ultrasonic wave measurement
First, the effect of temperature on the proposed laser ultrasonic system is investigated. For typical NPPs, the nominal operational temperature of the primary coolant system can increase up to 350
• C near the reactor and the operating temperature of the secondary piping system is maintained around 100-200
• C. Figure 4 shows the overall configuration of the high-temperature experiment conducted in this study. The temperature experiment is conducted using an especially designed temperature controller (SKI Ltd) used by a manufacturer of insulation materials for NPP pipes. The controller has a built-in pipe and a magnetic heater inside the pipe to heat up the pipe. The axial length, outer diameter and thickness of the pipe are 600, 114.3 and 3 mm, respectively.
The peak power of the Nd:YAG laser was set to 0.75 MW cm −2 at the emitting end of fiber and the corresponding responses were measured by the fiber interferometer at a sampling rate of 5.12 MHz. The response signals were measured 512 times under identical conditions, averaged in the time domain to improve the signal-to-noise ratio. The distance between the ultrasonic generation and sensing points is set to be 300 mm. Figure 5 shows the ultrasonic response signals obtained under varying temperature conditions. The temperature is increased from room temperature to 340
• C and the response signals are measured from 200 to 340
• C with a 10 • C increment. Each signal is band-pass-filtered with low and high cutoff frequencies of 200 and 300 kHz. As the temperature increases, the first arrival peak of the signal is decreased and delayed in the time domain. The amplitude and arrival time of the response signal are 0.6948 mV and 0.1352 ms at 260
• C and change to 0.6432 mV and 0.136 ms at 300
• C, and 0.5755 mV and 0.137 ms at 340
• C, respectively. It is speculated that the attenuation and time delay are mainly caused by the reduction of Young's modulus due to temperature increase (Raghavan and Cesnik 2008) .
The experimental results presented here highlight the importance of temperature compensation at the actual damage detection step. Several techniques such as optimal baseline subtraction (Croxford et al 2007) , baseline stretching (Liu and Michaels 2005) and data normalization (Oh and Sohn 2009, Lim et al 2011) have been proposed to minimize false alarms due to temperature changes. A combined optimal baseline subtraction and stretch method (Clarke et al 2009) compensates the effect of temperature on an initial baseline signal and the baseline signal is subtracted from a test signal to isolate signal changes only caused by damage. Similarly, the damage detection using data normalization is conducted by identifying a new dataset that significantly deviates from a pool of multiple baseline datasets. On the other hand, a baseline-free technique, which identifies damage without any baseline data obtained from the pristine condition of the test structure, extracts a damage feature based on the premise that the axisymmetric nature of ultrasonic wave signals obtained from a pipe breaks down only when structural damage exists and the structural axisymmetry of the pipe is independent of pipe temperature (Lee et al 2012) .
Effects of gamma radiation on the ultrasonic wave measurement
Next, the effect of gamma radiation on the proposed laser ultrasonic system is investigated. For typical NPP containment buildings, the normal gamma radiation accumulated dose level is about 500 kGy for 40 years and the dose rate that is emitted from the radiation source is approximately 10 3 -10 7 Gy h −1 (Francis et al 1998) . But only some of this actually reaches a target structure. Optical fibers exposed to gamma radiation exhibit effects such as radiation-induced absorption (RIA), radiation-induced luminescence (RIL), change of the waveguide refractive index, etc (Friebele 1979 , Friebele et al 1984 . Among them, RIA and RIL effects contribute to the degradation of the signal-to-noise ratio of the signals transmitted over the optical fiber guide (Gill et al 1997 , Regnier et al 2007 . Therefore, the current study investigates the effect of radiation on optical fibers by examining the change of ultrasonic time signals after exposing optical fibers to gamma radiation. Figure 6 shows the gamma radiation facility at Korea Atomic Energy Research Institute (KAERI). Radiation exposure is performed using a Co-60 (364 000 Ci) source. Principal gamma radiation energy from the radiation source varies from 1.17 to 1.33 MeV (1.25 MeV on average). The radiation dose rate of this facility is in the range of 0.4-20 kGy h , and the total dose to 62.5 kGy (typical fiveyear dose) and 125 kGy (typical ten-year dose), respectively. The radiation dose is gauged by using dosimeters placed near the specimen inside the radiation facility. Note that only optical fibers are exposed to gamma radiation in this experiment since the other hardware components are placed outside the radiation containment. A stainless steel pipe with an axial length of 1000 mm, outer diameter of 165 mm and thickness of 3 mm is used for this study. The distance between the ultrasonic generation point and the measurement point is set to be 400 mm. The rest of the experimental setup is identical to the previous experiment and the experiment is conducted at room temperature. Figure 7 shows representative ultrasonic response signals when an optical fiber is irradiated for a total of 125 kGy gamma radiation for 6 h 15 min at a 20 kGy h −1 dose rate. As the optical fiber is exposed to more radiation, the amplitude of the first arrival peak is reduced as a result of optical fiber hardening (Heschel et al 2002) . A quantitative summary of the peak amplitude reduction is provided in table 1 as a function of the radiation dose rate and radiation time. Note that the waveform of the first arrival peak is reasonably well preserved after the band-pass filtering throughout the experiments. Figure 8 shows ultrasonic responses after repeated radiation tests. Each radiation test lasts for 12 h 30 min with a dose rate of 10 kGy h ).
increases, the amplitude of the first arrival peak decreases with little waveform change. The peak amplitude is reduced from 0.84 mV to 0.70, 0.63 and 0.54 mV after three consecutive radiation cycles, respectively.
Conclusions
This study develops an optical fiber-guided laser ultrasonic system that can be applied for real environmental conditions of nuclear power plants (NPPs). An optical fiber which is especially designed with a focusing lens and a fixture is used to deliver a pulse laser to an excitation point for ultrasonic wave generation. Another optical fiber is connected between a fiber vibrometer and a measurement point for ultrasonic wave sensing with a similar focusing lens and a fixture. To verify the validity of the proposed system, this study has performed several experimental tests under high-temperature and highradiation environments. The experimental results confirm that the proposed system can operate under (1) temperature ranges up to 340
• C, which is the highest limit in the primary system of NPPs, and (2) radiation ranges up to 20 kGy, which is equivalent to the radiation dose for the operation period of ten years. Follow-up studies are underway to evaluate the performance of the proposed system. First, a robust damage detection algorithm is being built considering signal changes under varying temperature and radiation conditions in order to minimize false alarms due to these changes. Also, an optical switching device is being developed so that selective ultrasonic generation and measurement can be achieved at multipoints.
